ABSTRACT A recent study described an allosteric effect in which the binding of a protein to DNA is influenced by another protein bound nearby. The effect shows a periodicity of~10 basepairs and decays with increasing protein-protein distance. As a mechanistic explanation, the authors reported a similar periodic, decaying pattern of the correlation coefficient between major groove widths inferred from a shorter molecular dynamics simulation. Here we show that in a state-of-the-art, microsecond-long simulation of the same DNA sequence, the periodicity of the correlation coefficient is not observed. To study the problem further, we extend an earlier mechanical model of DNA allostery based on constrained minimization of effective quadratic deformation energy of the DNA. We demonstrate that, if the constraints mimicking the bound proteins are properly applied, the periodicity in the binding energy is indeed recovered.
In recent years we have witnessed a growing interest in DNA allostery, a phenomenon analogous to the extensively studied allosteric coupling in proteins (1) . Upon binding to the DNA double helix, a small ligand or a protein deform the DNA structure in a way that affects the binding affinity of a subsequent ligand not in direct contact with the first binding molecule. Important allosteric effectors are small minor groove binders. Examples include chemical wedges used to modulate protein-DNA interactions (2) and potential drugs based on pyrrole-imidazole polyamides (3) or heterocyclic diamidines (4).
Other researches focused on allosteric coupling between proteins bound to the DNA double helix. An extensive study (5) investigated this phenomenon both in vitro and in vivo. The authors examined different pairs of proteins as well as the effect of other structural perturbations, such as a DNA hairpin or a nucleosome. They found that free energy of the protein-DNA ternary complex oscillates as a function of the protein-protein separation distance with a periodicity of~10 basepairs (bps), the helical pitch of B-DNA, and a decay length of~15 bps. To provide a mechanistic explanation, the authors performed an all-atom, explicit solvent unrestrained molecular dynamics (MD) simulation of a 33-bp DNA duplex. The major groove width at basepair i was defined as the distance between the C3 0 sugar atoms at positions i and i þ 7. From a time series of the major groove widths obtained in the simulations, the authors inferred the correlation coefficient between the widths at basepairs i and i þ L, where L is the separation distance. They found that the correlation coefficient oscillates with roughly a 10-bp periodicity and decays with increasing L (see Fig. 2A in Kim et al. (5) ). Moreover, they found that if the duplex is restrained by pulling apart the central basepair by 0.5 Å , this distortion propagates in a periodic manner in both directions (see Fig. 2B in Kim et al. (5)). The unrestrained simulated trajectory was 156 ns long, the restrained one had 18 ns, and a relatively small rectangular box with 10,000 water molecules was used (5).
Here we set out to reexamine these findings with a stateof-the-art MD simulation using the same sequence as in Kim et al. (5) and the simulation protocol identical to that of a recent extensive MD study of DNA (6). We performed an unrestrained simulation as well as the one in which the central basepair was restrained exactly as in Kim et al. (5). However, there were two major differences: first, our trajectories were extended to 1 ms each, and second, an octahedral periodic box was used to allow for free rotation of the DNA molecule. Each of our systems contained 40,000 water molecules and~123,000 atoms in total. Fig. 1 shows the new simulated data in a way exactly analogous to Fig. 2, A correlation coefficient (Fig. 1 a) exhibits no periodicity. Rather, it decays within 5 bps to a small negative value (À0.1) and then levels out to zero. In the restrained simulations ( Fig. 1 b) , the distortion propagates somewhat on both sides but does not show such a periodic deviation from the unrestrained values as in Kim et al. (5). The error bars in the figures indicate mean deviation of values obtained separately for the two halves of the trajectory from the value for the whole trajectory, and confirm the robustness of the results.
What is the reason for these differences between our results and those in Kim et al. (5)? We hypothesize that thermally induced long-range vibrations of the 33-bp DNA double helix are still present at the scale of 10-100 ns but are already damped out at the microsecond scale. Indeed, by choosing different shorter time windows from the microsecond trajectory, one can obtain very different profiles of the correlation coefficient (Figs. S1 and S2 in the Supporting Material). Similarly, the major groove profiles from the restrained microsecond trajectory may also be very different, depending on the time window used (Fig. S3) . Another potential artifact is associated with the slender rectangular box: as the DNA rotates in the box, its two neighboring periodic images may come close together and interact, which in turn may influence their major groove widths. This is avoided here by the use of an octahedral box where DNA can freely rotate without interaction with its neighbor images. The simulations in Kim et al. (5) used the Langevin thermostat, whereas the Berendsen thermostat is used here. It has been shown (7) that the Berendsen thermostat may produce nonuniform temperature distribution, with flexible parts being significantly hotter than rigid parts of the molecule. Given the compact structure of the DNA and the weak coupling of the thermostat (5 ps), this effect is supposed to be small in these simulations.
To get further insight, we extend our previously published mechanical model of DNA allostery (8). In this model, DNA is regarded as a fluctuating thermodynamic system described by a set of internal coordinates. These include intrabasepair coordinates buckle, propeller, opening, shear, stretch and stagger, interbasepair or step coordinates tilt, roll, twist, shift, slide, and rise (9), and groove widths. The deformation energy is assumed to be a general quadratic function of these coordinates (harmonic approximation). The system is considered in contact with a thermal reservoir. If the coordinate fluctuations are small, a Gaussian distribution of the coordinates and a straightforward relation between the distribution moments and the deformation energy parameters are implied (10). In DNA, the harmonic approximation is satisfied rather well, including the groove widths (8). The moderate anharmonicity due to conformational substates (11,12) is coarse-grained by replacing the actual distribution by Gaussian distribution with the same first and second moments, resulting in an effective harmonic description.
Here we extend the allosteric model (8) to divide the coordinates into three groups. The first and second groups are constrained to mimic the binding of the first and second ligands, respectively. The remaining coordinates are free to relax to their energetically optimal values. The minimization of the quadratic deformation energy consistent with the constraints can be performed analytically. The deformation energy difference DE between binding the second ligand in the presence of the first one, and in its absence, then defines the allosteric effect (see Supporting Materials and Methods for details).
We apply the model to the case of binding the restriction endonuclease BamHI (first protein) and the glucocorticoid receptor GRDBD (second protein) to the DNA helix, as studied in Kim et al. (5). A crystal structure of the BamHI-DNA complex including functionally important metals (PDB: 2BAM (13)) shows rather tight protein-DNA contacts. In contrast, a GRDBD-DNA crystal (PDB: 1R4R (14)) exhibits relatively loose contacts in the major groove. It thus seems most appropriate to constrain all the intra-and interbasepair coordinates and the major groove width to their values found in the BamHI-DNA crystal (Figs. S4 and S5), but to constrain only the major groove width to mimic the GRDBD binding (we can use only one monomer of the crystallized dimer, due to the limited length of our DNA duplex). The result for this choice is in Fig. 2 . The difference between the major groove width when the constraints are applied (DNA with BamHI) and the width in the unconstrained (naked) DNA indeed shows a~10-bp periodicity and decays with the distance (Fig. 2, a and b) .
The same is true for the energy difference DE (Fig. 2 c) . 5). Notice that constraining the major groove width alone does not produce the periodic profile (Fig. S6) .
In summary, we propose a mechanical model of DNA allostery based on constrained minimization of the effective quadratic (harmonic) deformation energy of the DNA. The model is able to capture the~10-bp periodicity of protein-DNA allosteric coupling found experimentally. Our results also emphasize the need for sufficiently long simulations of larger DNA oligomers and for careful convergence checks. 
SUPPORTING MATERIAL

Supplementary Theory
We model the DNA duplex as a thermodynamic system described by a set of internal coordinates, assembled in a vector w . In this work, w comprises intra-basepair coordinates buckle, propeller, opening, shear, stretch and stagger, inter-basepair coordinates tilt, roll, twist, shift, slide and rise, as well as the major groove width defined as in ref. (5). Notice that this definition of major groove width differs from the one used e.g. in the 3DNA analysis program, but we use it here to stay consistent with the work (5). Two base pairs at each end of the duplex are excluded from all analysis as they may be subject to end-effects. We assume that the energy E necessary to distort the coordinates w from their equilibrium values ŵ is given by a general quadratic function of the coordinates,
where w w w− = ∆ and K is a symmetric, positive definite stiffness matrix. The general theory of thermodynamic fluctuations (see ref. (10)) provides relations between the model parameters ŵ , K and the moments of the coordinate distribution, which for small fluctuations take the form
where w is the mean of w over the canonical ensemble (first moment of the distribution), C is the covariance matrix of the coordinates (second moment), B k is the Boltzmann constant and T the thermodynamic temperature of the ensemble ( 300 = T K in our case). In our analysis, we replace moments over the canonical ensemble with moments over the ensemble of structures from the unrestrained molecular dynamics trajectory.
To model the allosteric effect, we divide the coordinates w into three groups, so that 
The next step is to factorize K using the LDU decomposition:
where L is a block lower triangular matrix with identity matrices on its diagonal, U is block upper triangular with identity matrices on its diagonal, and D is block diagonal. All the factor matrices are divided in blocks in a manner analogous to eq (4). Performing the multiplication on the right-hand side of eq (5) and comparing with the corresponding blocks on the left-hand side, we obtain the blocks of L , D and U in terms of the blocks of K . Since K is symmetric, we have T L U = . We now substitute the factorized K from eq (5) into the energy function (1). This yields
where 
and T aa 13 1 33 13 11
Since K is positive definite, then so is 33 K . As for bb K , it is the Schur complement of 33 K in the submatrix A of K defined by
and is positive definite since A , being a diagonal submatrix of K , is positive definite. This known property of the Schur complement may also be seen directly by recognizing that
, which in turn happens if and only if
Eq (11) thus yields the change in the remaining, unconstrained coordinates 2 w and 3 w if the coordinates 1 w are fixed by the bound ligand. The deformation energy
E due to the ligand binding is given by eq (7a),
This problem has already been solved before (ref. (8)). We can investigate the binding of a second ligand in the absence of the first one in a completely analogous manner, just exchanging the roles of 1 w and 2 w , to obtain the deformation energy 
The allosteric effect manifests itself in the difference between the deformation energy due to binding the second ligand in the presence of the first one, given by
, and the deformation energy due to binding the second ligand alone,
for the ligands studied in this work is plotted in Figure 2c in the main text.
To estimate the kinetic constant off k for the unbinding of the second ligand, we consider a simple kinetic model. We assume that the free energy of binding of the first ligand is given by
where ) 1 ( 0 G ∆ is the free energy contribution independent of the deformation and unaffected by the presence of the second ligand. Similarly, for the binding of the second ligand alone we assume
and for binding the two ligands simultaneously
Thus, the free energy of binding the second ligand in the presence of the first one is
, and the barrier height for releasing the second ligand while the first one remains in place is given by ( )
whereas the barrier height for releasing the second ligand alone is
We assume a simple Arrhenius kinetics in which the unbinding kinetic constant takes the form
where A is a constant prefactor. The kinetic constant for releasing the second ligand in the presence of the first one, normalized by that for releasing the second ligand alone, is then
This quantity was measured in ref.
(5). Substituting for the barrier heights from eq (18-19) and expanding the terms using eq (15-17), we obtain
where E ∆ is defined by eq (14). Figure S1 . Correlation coefficient between major groove widths at positions i and i+L (i = 5) computed for different time windows from the unrestrained microsecond-long molecular dynamics trajectory. Very different profiles, both periodic and aperiodic, can be obtained, depending on the time window used. The profile can either have a minimum around a 10 bp separation (Fig. S1a) , or maximum in the same location ( Figure S1d ), or decrease nearly monotonically ( Figure S1c ), or become close to the microsecond profile ( Figure S1b ). 
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